Unlike most intracellular pathogens that gain access into host cells through endocytic pathways, Toxoplasma gondii initiates infection at the cell surface by active penetration through a moving junction and subsequent formation of a parasitophorous vacuole. Here, we describe a noncanonical pathway for T. gondii infection of macrophages, in which parasites are initially internalized through phagocytosis, and then actively invade from within a phagosomal compartment to form a parasitophorous vacuole. This phagosome to vacuole invasion (PTVI) pathway may represent an intermediary link between the endocytic and the penetrative routes for host cell entry by intracellular pathogens. The PTVI pathway is preferentially used by avirulent strains of T. gondii and confers an infectious advantage over virulent strains for macrophage tropism.
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virulence | Trojan horse | apicomplexa | phagocytes P hagocytosis is one of the most ancient defense mechanisms for the host to destroy invasive pathogens. However, most intracellular pathogens exploit this very pathway for internalization and survival in phagocytes (1) . A notable exception to this paradigm is the infection pathway used by apicomplexan parasites-exemplified by Toxoplasma gondii. The current consensus model of T. gondii infection suggests that the parasite actively invades host cells by forming a moving junction (MJ) at the host cell surface (2) . Penetration of T. gondii through this junction is largely driven by its own actin motor complex (3) . The parasitophorous vacuoles formed by this pathway are nonfusogenic with the host endocytic system, thus evading lysosome-mediated destruction (4) (5) (6) . However, recent reports including the findings that host F-actin participates in entry by T. gondii (7) , and that the parasite is still able to infect cells, albeit much less efficiently, even without some key components of the invasion machinery (8) , suggest the existence of alternative infection pathways for Toxoplasma. The active penetration model was defined largely by using nonphagocytic host cells and hypervirulent strains of the parasite. Unlike their virulent counterparts, the interaction of avirulent Toxoplasma strains with macrophage and dendritic cell results in heightened innate cytokine and chemokine production (9) and the development of a "hypermotile" host cellular phenotype (10) , which promotes the control of acute infection and mediates dissemination into sites of parasite latency (11, 12) . Here, we investigated whether avirulent parasites interact with phagocytic host cells in a fundamentally different way from the outset. We found that the avirulent Toxoplasma strains infect macrophages initially via phagocytosis and subsequent active penetration from within the phagosome to form a parasitophorous vacuole. This hybrid invasion pathway may represent an intermediary link between the endocytic and the penetrative routes for host cell entry by intracellular pathogens.
Results
To investigate whether avirulent Toxoplasma (PTG, type II strain) uses the active penetration pathway to invade macrophages similar to the virulent Toxoplasma (RH, type I strain), the moving junction-a hallmark of active penetration-was examined during synchronized infection into RAW264.7 macrophages. As expected, virulent RH parasites were observed penetrating host plasma membrane through a moving junction marked by rhoptry neck protein 4 (RON4) staining (Fig. 1A, Left) . In contrast, avirulent PTG barely formed moving junctions during initial contact. The parasites instead elicited extensive membrane ruffles and actin polymerization underneath the contacting sites (Fig. 1A, Right) . More than 70% of the adherent PTG induced membrane protrusion and actin nucleation, whereas only 5.9% of adherent RH did (Fig. 1B) . The same phenotype was also seen in infections by using other sources of macrophages including naïve mouse peritoneal macrophages and human adherent PBMCs (Fig.  S1 ). Electron microscope imaging showed that surface-attached PTG resided in a zipper-like phagocytic cup, suggesting that the parasites are being phagocytosed by the macrophage (Fig. 1C) . Indeed, internalized live PTG were recruited into host Rab5a, FcγR, or lysosomal associated membrane protein 1 (LAMP-1) positive endocytic compartments similar to the phagosomes formed by dead parasites (Fig. 1D) . Following initial attachment, both live and dead PTG parasites were mostly associated with phagocytic cups and were internalized at the same rate (Fig. 1E , Left). As expected, the dead parasites progressively accumulated in phagolysosomes and were unable to form PVMs (Fig. 1E , Center and Right). To know whether phagocytosed live PTG followed the same fate, we traced the relative distribution of live tachyzoites in a LAMP-1 + phagosomal compartment and in a dense granule protein 7 (GRA7 + ) parasitophorous vacuole membrane (PVM), respectively. In contrast to the kinetics of dead parasites, the frequency of the live parasites accumulated in
Significance
The classical active penetration model for Toxoplasma invasion was established in studies of infection of nonphagocytic host cells by virulent strains of the parasite. Here, we show that avirulent Toxoplasma parasites use a noncanonical invasion pathway when infecting macrophages. Instead of active penetration at cell surface, avirulent Toxoplasma parasites are initially phagocytosed by macrophages and, subsequently, form a parasite vacuole from a phagosomal compartment. This phagosome to vacuole invasion (PTVI) pathway is associated with more efficient infection of macrophages. We hypothesize that PTVI represents a Trojan horse strategy for phagocyte infection and may lead to enhanced systemic dissemination and immune stimulation, acute infection control, and chronic infection establishment.
LAMP-1
+ compartments did not exceed 15% over an extended time, whereas GRA7 + PVMs were accumulated in infected resting macrophages (Fig. 1E , Center and Right), suggesting that phagocytosed live PTG tachyzoite transiently passes through a phagosomal compartment before the formation of the PVM. Alternatively, only a minority of internalized PTG acquired access to this compartment, whereas a majority of live parasites successfully established parasitophorous vacuoles, bypassing a LAMP-1 + intermediate compartment. To distinguish between these two possibilities, we investigated whether the internalized live PTG tachyzoites are able to form a moving junction and establish a parasitophorous vacuole from a LAMP-1 + compartment. Indeed, as shown by RON4 staining, PTG established a moving junction intracellularly as evidenced by inaccessibility to anti-surface antigen 1 (SAG1) antibody staining performed before cell permeabilization ( Fig. 2A) . Moreover, we observed constricted parasites with their apical portion residing in a GRA7
+ nascent parasitophorous vacuole with the other half of the parasite still contained within a LAMP-1 + phagosome (Fig. 2B ). This result indicated that phagocytosed PTG is able to form moving junction and establish parasitophorous vacuole by a process resembling active penetration, but was initiated from the phagosomal membrane rather than at the host cell surface. Previous studies have described a similar process of entry into bone marrow-derived macrophages by using live video microscopy, although this phenomenon was seen only with a small portion of virulent type I strain RH parasites (13) . Many intracellular pathogens (such as Listeria and Francisella) were reported able to escape from phagosome into the cytosol for multiplication, a process that depends on phagosome acidification and can be blocked by inhibition of vacuolar-ATPase (14, 15) . To determine whether PVM formation by phagocytosed PTG depends on phagosome maturation, RAW264.7 cells were pretreated with Bafilomycin A1 (Baf A1) followed by infection with parasites in the absence of the drug. Transient inhibition of phagosome acidification decreased PVM formation of PTG strain by 56.4% (Fig. 2C ). As expected, PVM formation by virulent RH strain was insensitive to Baf A1 preinhibition because the active penetration pathway avoided direct interaction with host phagocytic system (Fig. 2D , Left). However, upon opsonization of RH with an antibody against surface SAG1 antigen, which artificially reroutes RH invasion from active penetration to FcγR-mediated phagocytosis, PVM formation by opsonized parasites became Baf A1 sensitive (Fig. 2D , Right), suggesting that once phagocytosed by resting macrophages, both PTG and RH parasites remain competent for PVM formation by MJ-mediated invasion. This conclusion was further supported by the observed stripping of opsonized antibody from the RH surface following passage through the moving junction (Fig. 2E) . We propose to name this noncanonical infection pathway as phagosome to vacuole invasion (PTVI) (Fig. 2F ). During PTVI, live parasites are uptaken by macrophages through phagocytosis. Once internalized, the parasite starts active invasion by forming moving junction at the phagosome membrane to establish a parasitophorous vacuole.
The above data clearly demonstrated that PTG tachyzoites mainly use the PTVI pathway to infect resting macrophages. A question of great interest is whether PTG parasites are able to undertake a PTVI pathway in IFNγ-activated macrophages, because they impose formidable barriers to avirulent Toxoplasma strains by exerting toxoplasmacidal activity mediated by immunity-related GTPases and toxoplasmastatic activity mediated by iNOS (16) . To address this question, we examined PTG and RH infections in peritoneal macrophages obtained from mice primed with a vaccine strain by applying the same approaches used in naïve macrophages studies. Similar to what we observed in naïve macrophages, virulent RH parasites were still resistant to phagocytosis by these highly activated macrophages. Of cell-attached RH tachyzoites, only 8% of them induced phagocytic cups ( Fig. 3 A and B ) and the rest of the parasites underwent active penetration through established moving junctions at host plasma membrane (Fig. 3C , Left). As expected, more than 80% of adherent PTG parasites induced phagocytic cups ( Fig. 3 A and B) and formed moving junctions intracellularly in activated primary macrophages (Fig. 3C , Right and Fig. S2 ). Next, we examined whether the PVM formation by PTG parasites depends on phagosomal maturation in IFNγ-activated RAW264.7 cells. Transient inhibition of phagosomal acidification with Baf A1 reduced PVM formation of internalized PTG tachyzoites by 42.9%. Concomitantly internalized parasites stuck in LAMP-1 + phagosomes increased by 41.4% compared with DMSO treatment control (Fig. 3 , Left and Center). These results indicated that blockade of phagosomal maturation interrupts phagosome-to-vacuole transition of internalized parasites in activated macrophages similar to the effect seen in resting cells. The accumulation of Irgb6, an IFNγ-inducible GTPase, was not affected by Baf A1 pretreatment on once established PVMs (Fig. 3D, Right) , indicating that PVMs formation and IRGs trafficking onto PVMs are sequential steps. Collectively, the data presented strongly demonstrated that the avirulent PTG strain infects IFNγ-activated macrophages through the PTVI pathway, although the PVMs formed are subject to IRG-mediated disruption later (17, 18) .
The avirulent PTG strain of T. gondii undergoes PTVI pathway, whereas the virulent RH strain resists phagocytosis in both resting and activated macrophages in vitro, suggesting that the PTVI infection pathway may be mainly used by avirulent strains of T. gondii. There are three major clonal lineages of T. gondii (type I, II, and III) that dominate infections of human and other species in Europe and North America (19) . Type I strains are the most virulent because a single tachyzoite can kill a mouse. The types II and III strains are much less virulent with LD 50 more than 3 orders of magnitude higher than type I strains (20) . The potential of the three lineages for PTVI infection was compared by monitoring Toxoplasma-induced actin nucleation and Baf A1 sensitivity of PVM formation in resting RAW264.7 cells. The results showed that type II strain ME49 has the highest PTVI potential, type I strain GT-1 has the lowest potential, and type III strain CTG has an intermediate potential (Fig. 4 A and B) , suggesting that avirulent Toxoplasma strains prefer to use the PTVI pathway for macrophage infection. We next wanted to know whether the preferential use of the PTVI pathway enhances infectivity of avirulent T. gondii strains in macrophages. We therefore directly compared the infection rate of PTG and RH strains, which preferentially use the PTVI and the classical active penetration pathway respectively, in a competitive infection assay where GFP-PTG and mCherry-RH were mixed with RAW264.7 or MEF simultaneously (moi = 0.5 for each strain). No significant difference was found between PTG and RH strains during fibroblast infections in terms of the number of PVMs formed within a 40-min time span (Fig. 5B, Right) . However, for infection of macrophages, PTG parasites showed a 450% higher infection rate and 360% more PVM formation than RH strain 40 min after infection regardless of whether the strains were mixed or separated (Fig. 5 A and B, Left) . An even more dramatic increase of ex vivo infection efficiency (747%) by PTG parasites was seen in primary macrophages, but not in B cells and T cells harvested from the peritoneum of naïve mice (Fig. 5 C and D and Fig. S3 ). The same macrophage infection preference and high infection efficiency by avirulent Toxoplasma strain was also observed during in vivo infections where naïve mice were i.p infected by equal numbers of GFP-PTG and mCherry-RH tachyzoites separately or in combination. Although infection rates of B cells and T cells by the two strains were equally low (approximately 1%), the infection rates of macrophages by PTG strain reached more than 30% on average and were 680% and 225% higher than RH strain in the single and the dual infections, respectively ( Fig. 5 E and F and Fig. S3 ). Taken together, these data indicated that avirulent Toxoplasma prefer to infect macrophages (potentially all phagocytes) over other cell types, and PTVI pathway is superior to active penetration pathway in terms of phagocytes infection efficiency.
Discussion
In summary, unlike virulent Toxoplasma strains that actively invade host cells at the plasma membrane, their avirulent counterparts mainly use the PTVI pathway-a typical Trojan horse strategy to invade macrophages from within the phagosome. Assuming that the parasite machinery for invasion at the cell surface versus from the phagosome is identical, we think that the key difference between the avirulent and virulent strain use of the PTVI pathway is at the initial phagocytic step. Similar to how other intracellular pathogens are internalized through phagocytosis (21) , the uptake of avirulent T. gondii by macrophages likely involves the recognition of parasite ligands by host surface receptors. The parasite and host determinants involved in the surface interaction leading to the binding and phagocytosis of avirulent T. gondii by macrophages are yet to be identified. The absence of this putative phagocytic ligand, coupled with their known hypermotility phenotype, could account for the inefficient phagocytosis of virulent strains by macrophages. After internalization, engagement of the tachyzoite with the host endocytic system may play a critical role for Toxoplasma to establish the chronic infection, a survival strategy implemented successfully only by the avirulent Toxoplasma strains. The persistence of infection requires not only the acute induction of immune mechanisms that control parasite hyperproliferation but also efficient dissemination of parasites into deep tissues, where they establish a chronic niche. A concept that is now gaining acceptance is that induction of proinflammatory cytokines essential for in vivo control of acute Toxoplasma infection involves intracellular signaling from endosomal and cytoplasmic pattern recognition receptors (PRRs) (22) (23) (24) (25) (26) . Interestingly, the inflammatory cytokines IL-12 and IL-1β are both induced differentially by avirulent, but not virulent, Toxoplasma strains (9, 27, 28) , presumably through intracellular activation of TLRs and other PRRs. However, how these intracellular PRRs are activated during live Toxoplasma infection is still poorly understood. The close association of the internalized avirulent tachyzoites with the endocytic system of professional phagocytes, as reported here, could present opportunities for host PRRs and their respective parasite ligands to interact with each other. This interplay could then underlie a more robust innate and adaptive immune activation, leading to effective control of avirulent parasites. Additionally, avirulent T. gondii strains preferentially infect mononuclear cells, including naive resident macrophages (this report), monocytes (29, 30) and neutrophils (31) , and also differentially induce hypermigratory phenotype in infected macrophages and dendritic cells (10, 32) . It is tempting to speculate that these maneuvers together represent a constellation of adaptive responses characteristic of avirulent T. gondii. The establishment of chronic infections could then be a consequence of the orchestrated actions and immune-activated phagocytes mediating late parasitic control, both being potentially influenced or significantly regulated by the initial phagocytic route of infection used by avirulent T. gondii.
Avirulent Toxoplasma strains, particularly the type II archetype and its ancestral derivatives such as haplogroup 12 (33) , are dominant in infections of humans and their domesticated animals in Europe and North America (34) (35) (36) (37) . However, the infections caused by virulent type I strains are rare (19 Parasites. The uracil auxotrophic carbamoyl phosphate synthase CPS (42) mutant strain of T. gondii was developed in the laboratory of David Bzik (Dartmouth Medical School, Hanover, NH). The strains of GT-1and CTG were generous gifts from David Sibley (Washington University, St. Louis, MO). mCherry-RH was obtained from Marc-Jan Gubbels (Boston College, Boston). GFP-PTG, GFP-RH, and ME49 were purchased from ATCC. All strains were maintained and propagated in confluent HFF. Upon 60-80% lysis of the HFF monolayer, T. gondii tachyzoites were released by passing through 25G needle twice and spun down by centrifugation at 2,000 × g for 10 min. For the CPS strain, the pellet was resuspended in PBS and gamma (γ) irradiated at 15,000 rads before priming of mouse. All T. gondii strains were routinely monitored with MycoSensor PCR assay Kit (Agilent Technologies) and were maintained free of Mycoplasma. Antibodies, chemical reagents, and procedures for immunofluorescence and ultrastructural microscopy assay can be found in SI Materials and Methods.
Opsonization of T. gondii. GFP-RH strain was incubated with 1 μg/mL mouse α-SAG1 mAb for 30 min on ice. Opsonized RH were washed twice with invasion medium to remove unbound Abs and used in macrophage infection. Infected cells were fixed and permeabilized 40 min after infection. To visualize opsonized Ab on the surface of internalized RH, donkey α-mouse AF568 were used. The PVMs were visualized with either rabbit α-ROP1 or rabbit α-GRA7 antisera. ) is shown. Statistical significance of macrophage infection by PTG and RH in dually inoculated mice was analyzed by using two-tailed and paired Student t test. ***P = 0.0009. The dual infection experiments were repeated three times with similar results. mCherry-RH parasites were i.p. injected into naive mouse peritoneum, and 1 h later PECs were harvested by peritoneal lavage. To make sure equal number of tachyzoites was used during competitive infections, the GFP-PTG and mCherry-RH parasites in mixture were examined by using fluorescent microscope, and the ratio was compensated to 1 before infection. The infected macrophages were fixed with BD Cytofix and surface stained with CD11b-APC. The samples were acquired on a FACSAria (BD), and the frequency of GFP + and mCherry Statistical Analysis. Data are represented as mean ± SD. Statistical analysis was carried out by using Microsoft Excel. Statistical significance was analyzed by unpaired two-tails Student t test.
